A non-virogenic African green monkey kidney cell line BGM/MV persistently infected with a neurotropic mouse brain-adapted strain of measles virus, was found to have undergone significant changes in the virus-host cell relationship between passages 35 and 119. Rather than the stable non-cytopathic relationship previously reported in which approximately IOO % of the cells contained measles antigens and < 1% of the cells expressed cell surface measles antigen, we observed cyclic manifestations of c.p.e, together with changes in the percentage of cells expressing intracellular and cell surface measles antigens. Treatment of BGM/MV cells with actinomycin D effected an increase in the percentage of cells expressing cell surface virus haemagglutinin (HA) at times when the percentage of cells with surface HA was less than the percentage of cells with intracellular measles antigens. Superinfection studies employing measles virus and vesicular stomatitis virus revealed a consonant cyclic refractivity and essentially no refractivity, respectively. Endogenous, infectious measles virus was not detected nor was interferon. It was concluded that a host cell factor other than interferon was modulating the cyclic expression of the measles virus infection.
INTRODUCTION
According to Walker (1966) , regulated persistent-state virus infections of cultured cells are those in which the virus infection is regulated by some host cell factor(s), presumably not interferon. The replicative cycle of the virus does not proceed in the normal fashion leading to virus release and c.p.e. Most of the cells in the persistently-infected cultures contain the carried virus and, for the most part, the persistent state is maintained by the transfer of virus or subviral components to daughter cells during cell mitosis.
The BGM/MV African green monkey kidney cell line has been reported to be representative of a stable, non-virogenic regulated persistent-state measles virus infection (Menna et al. t975a, b) . Approximately IOO ~ of the cells contained intracytoplasmic measles antigens and the cell line was free of measles c.p.e. Attempts to induce the synthesis of infectious measles virus in the BGM/MV cells with various metabolic inhibitors such as cycloheximide and actinomycin D were unsuccessful although both of these chemicals were capable of inducing the expression of cell surface measles antigens above the constitutive level of < I ~ (Flanagan & Menna, I976) .
In our laboratory the BGM/MV cell line has revealed an apparent cyclic expression of c.p.e, together with changes in the percentage of cells with intracellular and cell surface oo22-I317/79/oooo-3622 $o2.oo ~ 1979 SGM I86 J. D. MAY AND J. H. MENNA measles antigen. In this report we characterize the phases of this cyclic phenomenon relative to the virus-host cell relationship.
METHODS
Cells. The following cell lines were used: (i) BGM (Barron et al. I97o) , an African green monkey kidney cell line; (ii) BGM/MV (Menna et al. t975a, b; Flanagan & Menna, I976) , obtained from Dr T. D. Flanagan, Buffalo, N.Y., U.S.A.; (iii) HEL, a human diploid embryonic lung cell line, obtained from the American Type Culture Collection; and (iv) HEp-2 (Moore et al. I955) , a transformed line of human origin obtained from the American Type Culture Collection. BGM, HEL and HEp-2 cells were grown in Eagle's minimum essential medium (MEM) containing Io ~ foetal calf serum (FCS) and 50 #g/ml gentamicin. BGM/MV cells were subcultivated every 4 to 5 days by splitting confluent monolayers I : 3 and seeding in MEM containing lO~ FCS, lOO units/ml penicillin and Ioo/zg/ml streptomycin.
Viruses. Measles virus, 5ooE strain, was obtained from Dr T. D. Flanagan, Buffalo, N.Y., U.S.A. Vesicular stomatitis virus (VSV) was obtained from the American Type Culture Collection.
Infectivity assays. Infectious measles virus was assayed by a plaque formation method in BGM cells previously described for mumps virus (Flanagan & Barron, I97o) . VSV was also quantified by plaque assay. In this case adsorption of the virus was I h at 37 °C and the staining was done at 24 h.
Animals. Pregnant mice, C3H strain, were obtained at 14 to I6 days gestation from Charles River Breeding Laboratory, Wilmington, Mass., U.S.A.
Co-cultivation procedure. BGM/MV cells at passage 43 were co-cultivated with BGM cells and with HEL cells at passages 46 and 55 in efforts to recover infectious measles virus. Equal concentrations of the cells were seeded at a ratio of I : I BGM/MV to HEL and BGM cells using MEM supplemented with Io~ FCS. The co-cultures were serially passaged by trypsinization by splitting I:3 or I: 4 in the above medium. At various times thereafter, supernatant culture fluids and clarified cell lysates were assayed for infectious measles virus. Clarified cell lysates prepared from HEL co-cultures were also assayed for infectious measles virus by induction of c.p.e, in HEL cells.
Inoculation of suckling mice. Suckling mice were inoculated with BGM/MV cells as another mechanism for the detection of infectious measles virus. Newborn C3H mice, approx. 24 h old, were inoculated intracerebrally (i.c.) with passage 43 BGM/MV cells and with cells obtained from the second and fourth passages of the co-culture prepared from passage 46 BGM/MV cells and HEL cells. In each case each mouse received t × lO 4 cells in a volume of lo #1. Mice were then observed daily for neurological symptoms. Ten (w/v) brain homogenates were prepared as previously described (Menna et al. I975a ) I9 days after inoculation and were assayed for infectious measles virus by inoculation of BGM and HEp-2 cells. In addition, each brain homogenate was passaged in suckling C3H mice, using the protocol described above, and the mice were observed daily for neurological symptoms.
Immunofluorescence. BGM/MV cells were assayed for intracellular and cell surface measles antigens using a previously described immunofluorescence technique (Menna et al. I975a) except that a monkey antisera to measles antigens and a fluorescein isothiocyanatelabelled goat antiserum to human IgG were used instead of a rabbit anti-rabbit system. All immunofluorescence assays were carried out on 96 h BGM/MV cultures. The percentage of cells with intracellular measles virus antigen was determined by counting 20o cells per cell monolayer.
Haemadsorption (HAD,) . HAD assays were performed as previously described (Menna Changes in BGM/MV: a measles carrier cell line I87 et al. I975a) using confluent cell monolayers. Cells with three or more adherent erythrocytes were considered HAD-positive. Haemadsorption inhibition (HADI) assay. HADI assays were performed to determine the specificity of the adsorption of Rhesus monkey erythrocytes to the plasma membranes of BGM/MV cells. BGM/MV ceils grown in roller tubes were washed three times with MEM and x ml of varying dilutions of a heat-inactivated (56 °C for 3o min) monkey antiserum to measles virus antigens was added to replicate cultures. BGM cells grown in roller tubes and infected with the measles virus strain 5ooE at o.I p.f.u./cell were treated with the antiserum and were assayed in parallel with the BGM/MV cells. Mock-treated BGM/MV and measles virus-infected BGM cells received an equal volume of MEM, the antiserum diluent. The cell cultures were incubated for I h at 37 °C, washed three times with MEM and an HAD assay was performed.
Actinomycin D-induced HAD. BGM/MV cells were treated with actinomycin D (Sigma) at 72 h post-seeding in attempts to induce measles virus HAD activity. Growth medium was removed from cell cultures grown in roller tubes and I ml of MEM containing actinomycin D at a concentration of I.O #g/ml was added to replicate cultures. Mock-treated cultures received an equal volume of MEM. The cell cultures were incubated at 37 °C for 24 h and an HAD assay was performed.
The absolute mean percentage of actinomycin D-induced HAD activity was calculated by subtracting the mean percent of HAD activity of the cell cultures treated with MEM alone from the mean percent HAD activity observed in the actinomycin D-treated cell monolayers.
Interferon assays. Culture media harvested at various passages from 96 h BGM/MV cultures were assayed for monkey interferon activity using a previously described microtitre procedure (Genco et al. I973) . A standard laboratory BGM interferon preparation was used as a control in each assay.
Quantification of virus c.p.e. Since the c.p.e, in the BGM/MV cultures consisted almost entirely of syncytia, it was semi-quantified using the following scale: I q-refers to cell monolayers with I to 3 syncytial cells per low power field; 2q-, 4 to 6 syncytial cells; 3+, 7 to 9 syncytial cells and 4+, more than 9 syncytial cells per low power field.
Cryopreservation of BGM/MV cells. BGM/MV cells at various passage levels were suspended in MEM containing IO~/o FCS, IO~ glycerol, loo units/ml penicillin and IOO/zg/ml of streptomycin to yield a concentration of I'5 × ro 6 cells/ml. One ml volumes of the cell suspensions were then added to ampoules, the ampoules were sealed and the cells were frozen gradually to --80 °C before being placed in liquid nitrogen. Cell viability of thawed cells ranged between 85 and 95 ~ using the trypan blue staining procedure (Merchant et al. r964) .
Superinfection of BGM/MV cells with measles virus and VSV.
Replicate cultures of BGM/MV cells at passages I4, 46, 52, 75 and 87 prepared from seeding cryopreserved cells at respective passage levels were superinfected at 48 h post-seeding with measles virus at o.i p.f.u./cell. Following an incubation period of 48 h at 37 °C, clarified cell lysates were prepared and were assayed in BGM cells for infectious virus by plaque assay. Replicate cultures of BGM/MV cells at passages 42, 53 and 77, prepared from seeding cryopreserved cells at respective passage levels, were superinfected at 72 h post-seeding with VSV at I-o p.f.u./cell. Clarified cell lysates were prepared after 24 h incubation at 37 °C and were assayed for infectious virus in BGM cells by plaque assay. As a control, replicate cultures of BGM cells were challenged with measles virus and VSV at the aforementioned m.o.i. and were assayed in parallel with the BGM/MV cells. All of the aforementioned passage levels of BGM/MV cells were assayed for the percentage of cells with intracellular virus antigen and were found to vary approx. 5 ~ from the original reported value or from the closest reported passage level. 
RESULTS

Cyclic appearance of c.p.e, and of cells with intracellular measles antigen
Measles virus antigen staining patterns
Accompanying the cyclic appearance of c.p.e, and of cells with intracellular measles antigen were changes in the intracellular staining patterns of the measles virus antigens. Duringthe non-cytopathic phases (passages 15 to 35 and 76 to 96) the measles virus antigens were primarily globular in appearance and were located predominantly in the cytoplasm of the cells with a cell occasionally revealing both cytoplasmic and nuclear antigen (Fig. 2) . virus antigens were primarily cytoplasmic and granular in appearance and were associated predominantly with syncytia (Fig. 3) . 
Measles virus cell surface antigens
Superinfection of BGM/M V cells
The capacity of actinomycin D to effect an increase in the percentage of HAD-positive BGM/MV cells suggested that a host cell gene product(s) was repressing virus membrane alteration. The inverse relationship between the spontaneous expression of cell surface virus HA and that inducible with actinomycin D suggested a cyclic host cell mediated suppression of virus-induced plasma membrane alteration. To substantiate this hypothesis further we superinfected the BGM/MV cells with measles virus at passages corresponding to the non-cytopathic and cytopathic phases. The results of this experiment are shown in Fig. 6 and the data are expressed as the ratio of p.f.u, of virus produced per cell, referred to as the efficiency of replication (e.o.r.). With the exception of passage I4, all of the passage levels of the BGM/MV cells were capable of replicating the superinfecting measles virus. A direct correlation between the percentage of uninfected cells in the cell population at the time of superinfection and the e.o.r, was not apparent. There did, however, appear to be a direct correlation between e.o.r, and increases in the percentage of cells with intracellular measles antigen. BGM cells were more capable of replicating measles virus than were the BGM/MV cells at passage 77, the most efficient passage level assayed (7"1 and ~'7 p.f.u./ cell respectively). As a means of determining the specificity of this apparent host cell mediated control of virus replication, BGM/MV cells were superinfected with VSV. The results of this experiment are shown in Fig. 6 . The ability to replicate VSV was little affected by the percentage of cells with intracellular measles antigen in the cell population and was essentially I92 J. D. MAY AND J. H. MENNA the same at all passage levels that were assayed. BGM/MV and BGM cells were essentially equal in terms of their capacity to replicate VSV (t6"9 and a mean value of 13"9 p.f.u./cell, respectively).
Assay of interferons
The lack of heterologous refractivity to superinfection with VSV irrespective of the percentage of cells with intracellular measles antigen suggested that the apparent host cell control of the persistent measles virus infection was not mediated by an interferon-induced antiviral state. To substantiate this interpretation we assayed BGM/MV cell culture media harvested at passages 42, 55 and 77, passage levels representing critical points in one complete cycle of c.p.e, and measles virus antigen expression, for the presence of monkey interferon activity. All of the specimens assayed were found to have titres of < IO units/ml interferon activity.
DISCUSSION
The BGM/MV line of cells has been reported to be representative of a stable nonvirogenic regulated persistent-state virus infection (Menna et al. 1975a, b) . Approximately ioo~ of the cells contained measles virus antigens and no c.p.e, was observed after the cell line had stabilized. Less than I ~ of the cells spontaneously expressed measles virus cell surface antigens as assessed by indirect immunofluorescence assay and by the adsorpton of Rhesus monkey erythrocytes.
In our laboratory the stable virus-host cell relationship characteristic of the BGM/MV cell line changed dramatically. Cyclic episodes of measles virus c.p.e., consisting almost entirely of syncytia, were observed as were changes in the percentage of cells with intracellular measles antigen. Of interest was the observation of morphological changes in the staining pattern of the intracellular measles virus antigens relative to fluctuations in the percentage of cells with intracellular measles antigen and c.p.e. The globular staining pattern of virus antigen was seen primarily during periods in which c.p.e, was rare or absent. This antigen staining pattern is consistent with the staining of virus nucleocapsid (Norrby, 1972) and, with the exception of the presence of intranuclear virus antigen, is consistent with previous observations (Menna et al. I975a) reported when this cell line was stable. During periods of c.p.e, and increases in the percentage of cells with intracellular measles antigen the virus antigen staining pattern was primarily granular and diffuse, suggesting, based on the observations of Norrby (I972), that this pattern was the result of enhanced HA synthesis. This contention is supported somewhat by the observation of increased measles HAD activity in temporal association with this staining pattern and increases in virus c.p.e. C.p.e. always occurred at times when the cell culture appeared to be 'cured' of the measles virus infection resulting in or coinciding with a rapid increase in the percentage of cells with intracellular measles antigen. As the spread of the measles virus infection slowed the percentage of cells spontaneously expressing virus cell surface antigen also decreased.
BGM/MV cells apparently have a limited capacity for induction of HAD activity with actinomycin D, the degree of induction depending on both the percentage of cells with intracellular measles antigen in the cell population and the percentage of the cells that are spontaneously expressing cell surface HA. At passage 52, essentially all of the cells with intracellular virus antigen were expressing cell surface HA and, therefore, were not inducible with actinomycin D. As the level of spontaneous HAD activity decreased, the cells were once again inducible with actinomycin D, with the degree of induction being inversely related to the degree of spontaneous cell surface HA expression.
These data suggest a cyclic regulation in terms of the capacity of the host cell to block
Changes in BGM/MV: a measles carrier cell line
I93
the expression of cell surface virus antigen. During periods of c.p.e, and increases in the percentage of cells with intracellular measles antigen de-regulation occurred as evidenced by the lack of inducibility with actinomycin D. As the infection spread the degree of host cell regulation increased, resulting in a decrease in the percentage of cells spontaneously expressing virus cell surface antigen. The mode of virus spread in the BGM/MV cells is unknown. At passage 52 both membrane immunofluorescence and HAD assays indicated that measles virus antigens were present on the membranes of a larger percentage of the cells than were found to contain intracellular measles virus antigens. The reason for this observation is unknown. One possible explanation is a difference in the sensitivity of the assay procedures. Ehrnst et al. 0974) , in their studies of fluctuations and distributions of measles virus antigens in a persistently-infected cell line noted that haemadsorption was a more sensitive indicator of surface measles antigen than membrane immunofluorescence, an observation in agreement with our data reported for virus surface antigen at passage 52. At the present time, we have no data comparing the sensitivity of the membrane assays for virus antigen with the immunofluorescence assay for intracellular virus antigen.
Another possible explanation for this observation is the horizontal spread (through the culture medium)of virus antigens or virions from infected cells to other cells. Since infectious measles virus was not detected in the BGM/MV cells at the time this observation was made, any released virions would presumably be non-infectious.
The capacity of the BGM/MV cells to replicate superinfecting measles virus varied in essentially a cyclic manner, revealing an increased capacity at times when the percentage of cells with intracellular measles antigen was increasing and a decreased capacity when the percentage of cells with intracellular virus antigen was declining. Evidently, the factor(s) that regulated the spread of the carried virus also regulated the replication of the superinfecting homologous virus.
Interferon assays performed on BGM/MV cell culture fluids failed to reveal interferon activity. These findings suggest that interferon is not modulating the cyclic expression of the measles virus infection in the BGM/MV cells. The superinfection studies employing VSV as challenge virus support this view, for no significant differences were observed in the e.o.r. of VSV irrespective of the passage level of the BGM/MV cells. This lack of heterologous refractivity has previously been observed at a time when this cell line was stable (Menna et al. I975b) . Additional support for the view that interferon is not modulating the cyclic expression of the measles virus infection comes from previous studies which showed that interferons prepared from BGM/MV and BGM cells were unable to induce an antiviral state in BGM/MV cells (Menna et al. I975b) .
Measles persistent cultures manifesting syncytia in a cyclic fashion have been reported by others (Burnstein et al. I974; Wild & Dugre, I978) . The cyclic expression of the measles virus infection of the BGM/MV cells is most similar to the virus carrier cell line described by Burnstein et al. 0974) . These investigators established a persistent-state measles virus infection by the co-cultivation of human brain cells, prepared from a child who had subacute sclerosing panencephalitis, with BSC-I cells. This cell line (IP-3), although nonvirogenic, revealed cycles of syncytial formation involving many of the cells in the culture. From this cell line a non-virogenic, non-cytopathic subline was established (IP-3-Ca). The IP-3 cell line and the IP-3-Ca subline caused encephalitis when intact cells were inoculated i.c. into weanling hamsters. In addition, both induced c.p.e, when co-cultivated with BSC-I cells; the former a cycling c.p.e., the latter a non-cycling c.p.e, with massive cell destruction. BGM/MV cells failed to induce encephalitis when inoculated into newborn mice and lacked the capacity to induce c.p.e, above constitutive levels when co-cultivated with BGM cells. BGM/MV cells when co-cultivated with HEL cells did induce a pronounced c.p.e, and cell 7-2
